The effects of type 1 diabetes mellitus (T1DM) on the central nervous system, especially during brain development, are controversial and not well understood. Structural magnetic resonance imaging (MRI) studies have found regional gray and white matter volume differences between youth with T1DM and control subjects ([@B1],[@B2]), relating some of these findings to previous hypoglycemia or hyperglycemia exposure ([@B3],[@B4]). These data and studies in adults have suggested a preferential vulnerability of some brain regions to diabetes and glycemic extremes. For example, we have found that white matter volume in the superior parietal region was decreased in youth with T1DM with greater hyperglycemic exposure ([@B4]), similar to findings in adults ([@B5],[@B6]). Furthermore, studies of youth with T1DM have reported an association between severe hypoglycemia and reduced ([@B7]) or increased hippocampal volumes ([@B8]). Volume estimates, however, do not assess the structural integrity of white matter tracts. Animal and some human studies have suggested that hyperglycemia ([@B9],[@B10]) and hypoglycemia have been associated with changes in white matter microstructural integrity peripherally ([@B11]), but prior studies in youth with T1DM have not specifically examined the microstructural integrity of white matter tracts within the brain.

Diffusion tensor imaging (DTI) can be used to assess white matter microstructural integrity through the measurement of water molecule movement. DTI is sensitive to subtle white matter brain injury in humans ([@B12]) and can detect changes even when standard T2-weighted images appear normal and the white matter region volumes are similar ([@B13]). In addition, DTI measures have been directly validated by means of comparison with immunohistochemical indicators of axonal injury in animal models ([@B14]). In the current study, we examined DTI parameters using complementary region-of-interest (ROI)-based and voxelwise tract-based spatial statistics (TBSS) approaches to determine whether abnormalities in white matter microstructure are present in youth with T1DM and varying degrees of hyperglycemia or hypoglycemia exposure.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Subjects. {#s2}
---------

Youth aged 9--22 years with T1DM and nondiabetic siblings (healthy control subjects) were recruited from the Pediatric Diabetes Clinic at Washington University in St. Louis and St. Louis Children's Hospital. T1DM subjects were all seen by a pediatric endocrinologist at Washington University. Once a clinic member determined which patients met our basic inclusion and exclusion criteria (e.g., age, diagnoses), the families were referred to our research team for further discussion about the study. After reviewing the study demands and the more detailed exclusion criteria with the families, if interested, parents and children were consented and assented and then enrolled in the study. Subjects were excluded for mental retardation, chronic diseases other than T1DM (e.g., including hypothyroidism), significant neurologic history not due to diabetes, diagnosed psychiatric disorder, current use of psychoactive medications, known premature birth (\<36 weeks\' gestation) with complications, or contraindications to MRI (e.g., metal implants). T1DM participants were on insulin therapy for at least 2 years before study entry. Handedness was assessed with a modified Edinburgh Handedness Inventory. Procedures were approved by the Washington University School of Medicine Human Studies Committee, and all participants and their parents or guardians signed informed consents. Although some data from this cohort have been published previously ([@B4],[@B8],[@B15],[@B16]), the white matter microstructural integrity analyses reported here have not been published previously except in abstract form.

Clinical variables. {#s3}
-------------------

Detailed information about each diabetic participant's history of severe hypoglycemia, hyperglycemia, and other diabetes complications was collected by parental and child interview and medical record review. As defined in the Diabetes Control and Complications Trial (DCCT) ([@B17]), severe hypoglycemia was identified as an event with neurologic dysfunction, including seizure, loss of consciousness, and/or inability to arouse from sleep, that required assistance of someone other than the patient for treatment and improved after the administration of carbohydrate or glucagon injection ([@B18]). Severe hyperglycemia was identified as events including vomiting, ketosis evident in serum or urine, with or without acidemia, that required assistance of someone other than the patient for treatment and improved after administration of insulin and/or intravenous fluids ([Table 1](#T1){ref-type="table"}). The number of severe hypoglycemic and hyperglycemic events was categorized zero (0 group), one to two (1--2 group), and three or more (3+ group) episodes because these variables were not normally distributed. Hyperglycemic exposure history was estimated from all available HbA~1c~ test results. HbA~1c~ tests approximated average blood glucose control over the previous 2--3 months. The amount of time represented by the HbA~1c~ tests (HbA~1c~ coverage) was calculated by multiplying the number of tests by 3 months and dividing by duration of diabetes in months ([@B4]). Participants with HbA~1c~ coverage for \<30% of their duration of diabetes (*n* = 10) were excluded from hyperglycemia analyses. Less-than-complete coverage was due to clinical appointments \>3 months apart, transfers from other clinics, or use of total glycated hemoglobin tests instead of HbA~1c~.

###### 

Symptoms reported during severe hyperglycemic episodes
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To account for duration of exposure to hyperglycemia, a hyperglycemia exposure score was calculated. Because a child with an average HbA~1c~ of 8% and duration of diabetes for 10 years has had more exposure to hyperglycemia than a child with the same average HbA~1c~ for 2 years, a score that weighted duration and HbA~1c~ equally was calculated by adding each patient's *z* score of median HbA~1c~ to the *z* score of duration of diabetes. This method of calculation results in a near-normal distribution of scores, with higher scores indicating more overall exposure to hyperglycemia and lower scores, less. Thus, each child's hyperglycemia exposure score can be interpreted relative to this sample only. Blood glucose at the time of the MRI scan was also recorded and had to be above 70 mg/dL before beginning scanning.

Image acquisition. {#s4}
------------------

Structural images were acquired for each subject on a Siemens Sonata 1.5 Tesla imaging system with a standard Siemens 30-cm circularly polarized radio frequency head coil. Three to five images, consisting of 128 contiguous 1.25-mm sagittal slices, were acquired for each subject using magnetization-prepared rapid gradient echo (repetition time = 1,900 ms, echo time = 3.93 ms, flip angle = 15°, matrix = 256 × 256 pixels, voxel resolution = 1 × 1 × 1.25 mm, time = 7:07 min). Subjects with movement or other artifact were excluded from further analyses. Images with suspected anatomic abnormalities were referred to a neuroradiologist for review. Three subjects in the T1DM group were excluded for confirmed brain abnormalities: one had a pineal cyst, one had an arterial malformation in the medulla, and the other had hippocampal dysplasia that was severe enough to prevent the scan from aligning well with the brain atlas used for our structural analyses.

Diffusion-weighted images were collected to measure white matter microstructural integrity. We collected three sets of interleaved diffusion-weighted images (2-mm slice thickness, 12 directions at b values of 800, 1000 and 1200 s/mm^2^ and a b = 0, transverse acquisition; repetition time = 4500, echo time = 80, voxel resolution = 2 × 2 × 2 mm, time = 1:26 × 18 = 25:48 min).

Image processing. {#s5}
-----------------

The diffusion-weighted images were registered to the T2 (b = 0), which was registered to the best magnetization-prepared rapid gradient echo, which in turn was registered to an in-house atlas. Parametric maps were generated for mean diffusivity (which indicates the average magnitude of water molecule movement in the three axes), fractional anisotropy (which indicates the directionality of water molecule movement), and eigen values (λ~1~, λ~2~, and λ~3~). Also recorded were the measures of axial diffusivity (λ~1~), which indicates the magnitude of water molecule movement along the principal axis, and radial diffusivity \[(λ~2~ + λ~3~)/2\], which indicates the average magnitude of water molecule movement in the two minor axes. Diffusion encodings corrupted by subject motion were automatically removed, and a residual map was created to determine the variance in the reconstructed data. A red-green-blue map was also used for quality control of parametric maps.

Imaging analysis approach. {#s6}
--------------------------

We analyzed FA, mean diffusivity, axial diffusivity, and radial diffusivity measures using two complementary methods *1*): ROI-based approach and *2*) voxelwise analysis using TBSS. The ROI method has several advantages over voxelwise analyses: it minimizes the risk of type 1 error, avoids the many statistical assumptions over voxelwise analyses, and allows for tailoring ROIs to avoid partial volume effects, thus reducing the effect of imperfect registration procedures ([@B12]). However, voxelwise analyses consider all of the imaging space without regard for arbitrary or unreliable boundaries and without a priori assumptions. We used both approaches here to provide a comprehensive view of the white matter microstructural abnormalities in T1DM youth.

### ROI method:. {#s7}

Regions were selected based on a well-established DTI atlas ([@B19]) and were checked by a neuroradiologist with expertise in DTI. We then compared the placement of the regions on each subject's red-green-blue map, T1, and T2 images simultaneously. ROIs were shifted by a few voxels as necessary by a trained technician to better conform to each individual's native anatomy. Finalized regions were then applied to each subject's fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity parametric maps and sampled using Analyze 8.0 software ([@B20]). Raters have established interrater correlation coefficients above 0.90 for fractional diffusivity and mean diffusivity values for all ROIs. To minimize false-positives, we focused on a select number of regions: 2 a priori regions (superior parietal lobule and hippocampus) and 10 exploratory regions (cerebellum, optic radiation, posterior limb of the internal capsule, corpus callosum (splenium, body and genu), centrum semiovale, thalamus, putamen, and pons), and averaged values from left and right homologous regions ([Fig. 1](#F1){ref-type="fig"}).

![ROIs defined on a T2 (*left*) and fractional anisotropy (*right*) image. CC, corpus callosum; PLIC, posterior limb of the internal capsule. (A high-quality color representation of this figure is available in the online issue.)](581fig1){#F1}

### TBSS. {#s8}

As a complementary approach, we used TBBS ([@B21]) voxelwise analyses to confirm our ROI findings and to explore white matter effects in other locations without regard for strict anatomical boundaries. Diffusion weighted images were internally motion-corrected using nine-parameter affine (rigid body + scanner axis stretch) registration using software developed in-house. Then, BET (FMRIB Brain Extraction Tool) was used to compute a brain mask from each individual's motion-corrected, aligned, and averaged DWI data set, and FDT (FMRIB diffusion toolbox) was used to compute fractional anisotropy maps.

To create a target template for registration, a subset was chosen from the entire subject pool to provide an even distribution of males and females and ages. Fractional anisotropy images in the target group were then nonlinearly aligned to 1- × 1- × 1-mm space and to each other. The target image was the image that required the least amount of warping for all other fractional anisotropy images to align to it. All fractional anisotropy images in the entire subject pool were then nonlinearly aligned to each other in 1- × 1- × 1-mm space and to the target image. The target image was affine-aligned into MNI152 standard space, and every fractional anisotropy image was then transformed into 1- × 1- × 1-mm MNI152 space. A mean fractional anisotropy image was calculated and used to produce the mean fractional anisotropy skeleton to represent the center of white matter tracts. Fractional anisotropy images were projected onto the mean fractional anisotropy skeleton and thresholded set at fractional anisotropy = 0.2 for voxelwise analyses. Mean diffusivity, axial diffusivity, and radial diffusivity images were also calculated.

Statistical analyses. {#s9}
---------------------

For all ROI analyses, we performed univariate analyses of each region with group (T1DM vs. control) or subgroup (severe hyperglycemia or severe hypoglycemia subgroups) as the independent variable and covarying age and sex. The hyperglycemia exposure score was correlated with DTI measures for each region. The criteria for significance was *P* \< 0.05 for our two a priori regions and *P* \< 0.005 (Bonferroni correction, 0.05/10 regions) for our exploratory regions within analyses for each DTI parameter (fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity). Regions that survived multiple comparisons corrections were examined for differences between groups with post hoc comparisons.

For voxelwise analyses, DTI parameter images were analyzed using Randomize (FSL, FMRIB, Oxford, U.K.), a permutation-based multiple comparisons corrected statistical approach ([@B22]). Age and sex were covaried in analyses comparing groups, as described for the ROI analyses. Each analysis used the software-specific multiple comparison correction procedures.

RESULTS {#s10}
=======

T1DM versus control subjects {#s11}
----------------------------

### Demographic and clinical data. {#s12}

The study included 73 T1DM youth and 30 healthy control subjects. T1DM and control groups were similar in all demographic measures, with the exception that there were proportionally more right-handed youth in the control than in the T1DM group (χ^2^ = 17.95, *P* \< 0.001; [Table 2](#T2){ref-type="table"}). None of the T1DM patients had a history of retinopathy or neuropathy.

###### 

Demographic and clinical variables
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### ROI analyses. {#s13}

Fractional anisotropy was lower (*F*~1,99~ = 7.59, *P* = 0.007) and radial diffusivity was higher (*F*~1,99~ = 7.45, *P* = 0.008) in the T1DM group compared with control subjects in the superior parietal lobule region. No differences were seen between groups in the hippocampus (fractional anisotropy, mean, radial, and axial diffusivities; [Table 3](#T3){ref-type="table"}). For exploratory regions, the T1DM group had lower mean (*F*~1,99~ = 10.36, *P* = 0.002) and lower radial diffusivity (*F*~1,99~ = 9.37, *P* = 0.003) in the thalamus and lower axial diffusivity in the cerebellum (*F*~1,99~ = 9.08, *P* = 0.003) compared with control subjects ([Table 3](#T3){ref-type="table"}).

###### 

T1DM versus nondiabetic sibling control youth
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### TBSS. {#s14}

The T1DM group had lower axial diffusivity across multiple regions, including the superior parietal lobule, corpus callosum (genu, body, and splenium), posterior limb of the internal capsule, external capsule, and cerebral peduncle, compared with controls ([Fig. 2*A*](#F2){ref-type="fig"}). There were no differences in fractional anisotropy, mean diffusivity, or radial diffusivity parametric maps between the two groups.

![*A*: TBSS results comparing axial diffusivity maps between T1DM and control subjects, which were reduced in T1DM youth compared with control subjects. *B*: Different severe hyperglycemic categories and control subjects. One-way ANOVA was significant, but none of the pairwise comparisons reached significance. *C*: Severe hypoglycemic categories and control subjects. One-way ANOVA was significant, but none of the pairwise comparisons reached significance. Green, TBSS skeleton; red, *P* = 0.05; orange, *P* = 0.02. (A high-quality digital representation of this figure is available in the online issue.)](581fig2){#F2}

Hyperglycemia categories {#s15}
------------------------

### Demographic and clinical data. {#s16}

Subjects in the three hyperglycemia categories (0, 1--2, 3+) were similar in all of the demographic and clinical measures collected, with the exception that there were significantly fewer Caucasians in the 3+ group (χ^2^ = 9.79, *P* = 0.008; [Table 2](#T2){ref-type="table"}).

### ROI analyses. {#s17}

The superior parietal lobule had decreased fractional anisotropy (F~5,97~ = 2.88, *P* = 0.005) and increased radial diffusivity (F~5,97~ = 2.99, *P* = 0.009) with increased hyperglycemic episodes. The 3+ hyper patients had the lowest fractional anisotropy (3+ hyper less than control subjects, *P* = 0.009) and the highest radial diffusivity (3+ hyper greater than controls, *P* = 0.013). We also found that increased hyperglycemic episodes were associated with higher mean (*F*~5,97~ = 2.64, *P* = 0.034) and higher radial diffusivity (*F*~5,97~ = 3.02, *P* = 0.034) in the hippocampus, with the 3+ hyper patients having the highest mean (3+ greater than 1--2 hyper, *P* = 0.043) and highest radial diffusivity (3+ greater than 1--2 hyper, *P* = 0.052). None of the exploratory regions were statistically different among the three hyperglycemic categories and the control group.

### TBSS. {#s18}

One-way ANOVA identified significantly different axial diffusivity values along multiple white matter tracts, including the posterior limb of the internal capsule, external capsule, and cerebral peduncle, between the different hyperglycemic groups; however, none of the pairwise comparisons reached our predesignated statistical significance (Fig. 2*B*). There were no differences in fractional anisotropy, mean diffusivity, or radial diffusivity parametric maps among the hyperglycemic groups and controls.

Hypoglycemia categories {#s19}
-----------------------

### Demographic and clinical data. {#s20}

Subjects in the three hypoglycemia categories were similar in all demographic measures collected. In clinical measures, youth in the different hypoglycemic groups differed in age of onset (*F*~2,72~ = 3.46, *P* = 0.037), median HbA~1c~ (*F*~2,63~ = 3.4, *P* = 0.04), and duration of disease (*F*~2,71~ = 6.82, *P* = 0.002), with the 3+ hypo group having higher median HbA~1c~ (3+ higher than 1--2 hypo group, *P* = 0.037), and those who experienced a severe hypoglycemic episode having longer duration of disease (0 shorter than 1--2 hypo group, *P* = 0.007; 0 shorter than 3+ hypo group, *P* = 0.007; [Table 2](#T2){ref-type="table"}).

### ROI analyses. {#s21}

We found that the superior parietal lobule exhibited increased fractional anisotropy (*F*~5,97~ = 2.97, *P* = 0.045) with increased hypoglycemic episodes, but none of the pairwise comparisons were significant. No differences were found among the different groups in the DTI measures of the hippocampus. In addition, none of the exploratory regions were statistically significantly different among the hypoglycemic categories.

### TBSS. {#s22}

One-way ANOVA identified significantly different axial diffusivity values along multiple white matter tracts, including the superior posterior limb of the internal capsule, external capsule, and cerebral peduncle, between the different hypoglycemic groups, but none of the pairwise comparisons reached significance (Fig. 2*C*). There were no differences in fractional anisotropy, mean diffusivity, or radial diffusivity parametric maps among the hypoglycemic groups and control subjects.

Hyperglycemia score. {#s23}
--------------------

Our ROI-based DTI measures showed that none of the regions exhibited a statistically significant correlation between their fractional anisotropy, or mean, radial, and axial diffusivity values and the hyperglycemia exposure score. Similarly, using the TBSS approach, we did not find a significant correlation between hyperglycemia exposure score and the fractional anisotropy or mean, radial, and axial diffusivity parametric maps.

DISCUSSION {#s24}
==========

In this study, we detected differences in white and gray matter microstructure between youth with T1DM and their nondiabetic siblings using ROI and voxel-based analyses of diffusion tensor images. These findings suggest that DTI is a sensitive method for detecting brain abnormalities in T1DM, even in structures without apparent volumetric changes on conventional MRI.

Previous work from our laboratory and others has found that greater hyperglycemic exposure within the T1DM group was associated with reduced white and gray matter volume in the superior parietal lobule, particularly the precuneus/cuneus cortical region ([@B4]--[@B6]). In the current study, we consistently observed that T1DM had altered DTI parameters in this region compared with controls, even after controlling for age and sex. Furthermore, DTI measures were particularly altered in the T1DM subjects in the 3+ hyper group, which suggests that this brain region may be an area of preferential sensitivity to hyperglycemia in T1DM. Hyperglycemia could affect white or gray matter integrity in the brain through several mechanisms, including mitochondrial superoxide production ([@B23]). Animal studies have found that hyperglycemia causes alterations in mitochondrial dynamics and function ([@B24]), which leads to accumulation of reactive oxygen species, oxidative stress, and impaired axonal transport in central nervous system axons, which can then result in axonal degeneration ([@B25]). This mechanism could provide some rationale why the superior parietal lobule, which is located within the precuneus/cuneus cortical region, appears particularly vulnerable to hyperglycemia. The precuneus/cuneus region is known to have the highest levels of glycolysis in the brain in resting state conditions ([@B26]). A high rate of glycolytic activity due to systemic hyperglycemia could possibly make brain tissue more vulnerable to damage or dysfunction by augmenting a metabolism-dependent cascade such as hyperglycemia-induced oxidative stress ([@B25],[@B27]). Alternatively, the DTI changes reported here could also be due to other glycolysis-independent biological factors that are altered concurrently with severe hyperglycemic episodes.

The pattern of DTI alterations can provide clues to the underlying neuropathology in the brain. Animal studies suggest that the combination of decreased fractional anisotropy, increased radial diffusivity, and decreased axial diffusivity is indicative of acute axonal injury along white matter tracts ([@B14],[@B28]). In contrast, increased radial diffusivity, without an accompanying decrease in fractional anisotropy, is consistent with demyelinated white matter tracts ([@B28]). Thus, the pattern of differences in DTI parameters detected in the superior parietal lobule in particular, and across the brain using TBSS, is suggestive of axonal injury as opposed to demyelination of axons.

Although DTI traditionally is used to characterize white matter, DTI can also be used to examine mean diffusivity in gray matter regions, including the thalamus, putamen, and globus pallidus ([@B29]). Our a priori ROI for gray matter was the hippocampus, due to the extensive literature linking hyperglycemia and hypoglycemia exposure to changes in this region ([@B30]--[@B34]). We found that T1DM youth exhibited increased mean and radial diffusivity in the hippocampus that was associated with hyperglycemic exposure. Our earlier work demonstrated that greater exposure to severe hypoglycemia, but not hyperglycemia, was associated with larger hippocampal volumes in T1DM youth. These seemingly disparate results emphasize that DTI and volumetric analyses examine complementary, but different, characteristics of brain structure, yet both point to significant alterations in the hippocampus in diabetes.

Among our exploratory regions, we found reduced diffusivity in the thalamus of T1DM youth. This finding is notable because the thalamus has also been associated with T1DM and glycemic exposure in other imaging and neuropathological studies of adults ([@B35]--[@B37]) and youth ([@B1]). Specifically, diabetic ketoacidosis has been reported to acutely affect the diffusivity of the thalamus in a pediatric population ([@B38],[@B39]). Our findings suggest that the thalamus may exhibit long-term consequences associated with multiple diabetic ketoacidosis episodes. Differences in the diffusivity of these gray matter regions could reflect direct pathologic damage or secondary degeneration due to the disruption of white matter tracts linking these structures to other areas ([@B29]).

Our study is strengthened by a relatively large sample size and complementary DTI analyses strategies with good control of type I error. There is some overlap between our ROI-based and TBSS findings ([Table 4](#T4){ref-type="table"}), such as identification of the superior parietal lobule as a preferentially affected region in T1DM youth. Some ROIs, such as the thalamus, cannot be investigated using TBSS due to its limitation to white matter tracts. However, we did not identify the external capsule as an exploratory region but saw differences in the axial diffusivity of this white matter tract using TBSS. We also note that the average effect sizes of the fractional anisotropy, mean, and radial diffusivity values obtained using our ROI-based approach are smaller compared with the average effect size of the axial diffusivity measures ([Table 3](#T3){ref-type="table"}). This may account for our ability to find significant differences between our study groups in the axial diffusivity parametric maps only using TBSS ([Table 4](#T4){ref-type="table"}).

###### 

Summary of analysis and results
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Our results differ from the DTI findings in adults with T1DM. Although T1DM adults had lower fractional anisotropy than control subjects in the posterior corona radiata and the optic radiation ([@B40]) that correlated with hyperglycemic exposure ([@B41]), these results were not confirmed in our cohort of youth with T1DM. These differences could be due to the longer disease duration and/or greater degree of exposure to hyperglycemia in T1DM adults compared with our youth cohort and underscores the necessity of conducting separate neuroimaging studies during development. We also cannot rule out that the DTI differences reported here were present before exposure to glycemic extremes or diabetes. Retrospective report of severe glycemic experiences has been found to be fairly reliable ([@B42]), but prospective measures are likely to be more accurate, especially over long periods of time ([@B43]). Analysis of the prospective follow-up data from our study population is ongoing and should be able to determine if further exposure to hyperglycemia accentuates the DTI differences reported here. Finally, the current study cannot discern whether severe hyperglycemia itself, or factors that occur concurrently with severe hyperglycemic episodes, are more closely associated to the alterations in DTI measures we report in this study.

We conclude that youth with type 1 diabetes exhibit a pattern of regional DTI differences that is suggestive of axonal injury or degeneration, some of which may be related to severe hyperglycemic exposure. Longitudinal follow-up of well-characterized samples such as ours will be critical in determining the course of brain changes with age and further exposure to glycemic extremes. Finally, an understanding of the implications of these findings for optimal cognitive and academic function must be obtained to place these observations in proper clinical context.

See accompanying commentary, p. 341.
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